Three proteases designated P-I, P-II, and P-III were separated from larval gut juice of the silkworm, Bombyxmori, and the effects of these proteases on the two morphologically different inclusions produced by Bacillus thuringiensis kurstaki HD-1 strain were investigated. Bipyramidal inclusions were solubilized by each protease at pH10.2, and proteins with a molecular weight of about 60,000 were produced, while cuboidal inclusions were resistant to the proteases. Protease P-III appeared to be most important in the dissolution of the bipyramidal inclusions. Based on the affinity to various synthesized substrates, P-III was considered to be a chymotrypsin-like protease. After dissolution of inclusions by P-III, dissolved and undissolved fractions were separated, and the insecticidal activity of each fraction was tested. Results indicate that bipyramidal inclusions are preferentially toxic to the silkworm and the cuboidal ones carry the mosquitocidal activity.
The expression process of the toxicity of the entomocidal crystal inclusion ((5-endotoxin) produced by Bacillus thuringiensis kurstaki HD-1 strain in gut juice of the silkworm, Bombyxmori, was proposed in our previous publication. 1} Inclusions become swollen by the alkalinity of the gut juice and swollen inclusions are dissolved by gut juice protease. Solubilized protein is further degraded by the protease and the primary toxic principle of 60,000 (59,000 in our previous report1*) daltons, designated P-59 is produced. It is suggested that P-59 is gradually digested to smaller nontoxic peptides by the protease. Several investigators reported a role for gut juice protease for the expression of the toxicity of 5-endotoxin.2~4) However, purified proteases were used in a few reports.5 '6) Yamamotoand McLaughlin7) found that HD-1 inclusions contain an additional component with a molecular weight of 65,000 toxic to mosquito larvae and this componentwas designated the mosquito factor. Iizuka and Yamamoto8)suggested that the mosquitocidal activity of kurstaki inclusions is associated with embedded bodies (cuboidal inclusions) which had been reported by Sharpe and Baker. 9) In this study, three proteases10)
were purified from larval gut juice of the silkworm, and the effect of each protease on the two morphologically different inclusions was investigated. protease fraction, designated P-II by Sasaki and Suzuki, 10) adsorbed to Arg-CH-agarose was eluted with 50 mMTrisHCl buffer, pH 8.0, containing 0.5m NaCl and 2m urea. The unadsorbed fraction was put on a Bowman-Birk inhibitor (BBI)-agarose column (1.6 x 5cm). Protease P-III10) adsorbed to BBI-agarose was eluted in a similar way as for P-II. The unadsorbed fraction containing protease P-I10) was also collected.
MATERIALS AND METHODS

Purification
Arg-CH-agarose was prepared by using 1 g of activated CH-Sepharose 4B and 1 mmol of arginine methyl ester. BBI-agarose was prepared by mixing 50mg of BBI and 20ml of Sepharose 4B by the method of March et al.n) BBI was purified from defatted soybean powder by the method of Kassel.12)
Peptide substrates. Thepeptide substrates weresynthesized using stepwise peptide bond elongation by DCCor MA method.13'14* The purity of all compounds was checked by thin-layer chromatography on silica gel plates with the solvent systems of CHCl3-methanol (9 : 1, v/v) and «-butanol-acetic acid-water (4 : 1 : 1).
Protease assay. Protease activity was assayed using casein as the substrate and expressed as units per milliliter (U/ml) as described previously.1} Amidase assay.
To measure benzoyl-DL-argine-/?-nitroanilide (Bz-Arg-NA) hydrolytic activity, 2 ml of protease solution prepared in 0.2 m glycine-NaOH buffer, pH 10.2, was left at 27°C for 5min, and then 1ml of0.6mM Bz-Arg-NA solution in 10% dimethyl sulfoxide was added. After incubation at 27°C for 2~5min, the increase in absorbance at 405nmwas measured. In this study, one unit (U) was defined as the activity that increased pnitroaniline by 1 nmol per minute under the above conditions. The molar extinction coefficient of /?-nitroaniline at 405nmwas 9x lO.3 For other synthetic substrates listed in Table III , the same procedure as for Bz-Arg-NA was used except that the substrates were prepared in distilled water.
Assay of inclusion-dissolving activity. To measure the inclusion-dissolving activity, 10 jul of protease slution was mixed with 320yul of 0.2m carbonate-NaOH buffer, pH 10.2, and left at 27°C for 5min. A 80/zl of 1% (wt/vol) inclusion suspensiton was added. After incubation at 27°C for 30min, the reaction was stopped by addition of 400 u\ of 0.5 m phosphate-NaOH buffer, pH 7.0. After centrifugation at 15,000 xg for 5min, the absorbance at 280nm of the supernatant was measured. One unit (U) was defined as the activity,increasing the absorbance at 280 nm by 1.0 under the conditions described above.
Protein measurement.Protein concentrations were measured by the micro-biuret method15) using bovine serum albumin as the standard.
SDS-PAGE.Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was done by the method of Laemmli16) using 7.5% (w/v) slab gel. The gel was stained with Coomasie brilliant blue.
Assay of toxicity. For toxicity tests, fourth-instar larvae of the silkworm and second-instar larvae of the mosquito, Aedes aegypti, were used. Oral toxicity to the silkworm was examined by direct inoculation of 5 fA ofa test sample into the larval gut lumen using a glass capillary.1* In bioassays using the mosquito larvae, a test sample was introduced into 20ml of distilled water containing 10 larvae. Mortalities in both bioassyas were examined daily for 3 days. The 50%lethanl doses of toxins were calculated by probit analysis.
Electron microscopy. A sample was placed on a standard size 150-mesh grid filmed with collodion. The grid was stabilized with carbon and examined with a JEOL LEM-T8 electron microscope.
RESULTS
Purification of gut juice protease
In Arg-CH-agarose chromatography of gut juice ( Fig. 1) , Bz-Arg-NA hydrolytic activity was associated with the adsorbed fraction (designated P-II) and Suc-Ile-Thr-Pro-PheNAhydrolytic activity with the unadsorbed fraction (Table  I) . BBI-agarose chromatography of the unadsorbed fraction showedthat protease activity was present in both adsorb-' ed (P-III) and unadsorbed (P-I) fractions (Fig. 2) . Inclusion-dissolving and Suc-Ile-ThrPro-Phe-NA hydrolytic activities were mainly associated with the P-III fraction (Table I) .
WhenP-I fraction was rechromatographed on BBI-agarose, no protease was adsorbed to the column.
The amidase activity of P-III toward several synthetic substrates was tested (Table II) . The most effective substrates for P-III were Suc-Ile- The column (1 cm x 2.5cm) was equilibrated with 50mM Tris-HCl, 0.1 m NaCl, pH 8.0 and 5 ml of the gutjuice dialyzed against the same buffer was put on. Buffer was changed to 50mMTris-HCl, 1 m NaCl, pH 8.0, and to 50mMTris-HCl, 0.5m NaCl, 2m urea, pH 8.0, at a and b, respectively.
#, absorbance at 280nm; O, protease activity. Gut juice was collected from fifth-instar larvae of the silkworm. After centrifugation, 5 ml of the supernatant wasused.
After dialysis of 5 ml of gut juice against 50mMTris-HCl buffer, pH 8.0, containing 0.1 m NaCl, gut juice was centrifuged and the supernatant was used.
NA.
Effects of gut juice proteases on inclusions Purified inclusions were incubated in 0.1 m carbonate-NaOH buffer, pH 10.2, with diluted gut juice, P-I, P-II, or P-III. Solubilized and insolubilized fractions of each sample were separated by centrifugation and examined by SDS-PAGE (Fig. 3 ). There were two major protein bands with molecular weights of 130,000 and 65,000 in the intact inclusions. In the insolubilized fraction of inclusions after treatment with each protease, a single protein band with a molecular weight of 65,000 was detected. On the other hand, a major protein band with a molecular weight of approximately 60,000 was observed in the solubilized fraction.
In each solubilized fraction (F~I in Fig. 3 ), a minor protein band with slightly lower mobility than that of the major band with a molecular weight of approximately 60,000 was observed in the solubilized fraction. In each solubilized fraction (F~I in Fig. 3 ), a minor protein band with slightly The column (1.6cm x 5cm) was equilibrated with 50mM
Tris-HCl, 0.1m NaCl, pH 8.0, and the unadsorbed fraction obtained in Arg-CH-agarose chromatography ( Fig. 1) was put on. Symbols are the same as in Fig. 1 . Suc-Thr-Pro-Leu-NA 0. 6 Suc-Thr-Pro-Phe-NA 1. 8 Sue-Ala-Pro-Phe-NA 1. 9 Suc-Phe-Pro-Phe-NA 3. 1 Suc-Ile-Thr-Pro-Phe-NA 1 00 Suc-Ue-Thr-Pro-Leu-NA 87. 8
Suc-Ile-Pro-Leu-Phe-NA 0 Suc-Ala-Phe-Pro-Ala-NA 0 Suc-Leu-Phe-Pro-Ala-NA 0
Amidase activity of P-III on each substrate was expressed relative to that on Suc-Ile-Thr-Pro-Phe-NA.
lower mobility than that of the major band can be detected. However, whenthe reaction time was prolonged, such a protein band become extinct and only the higher-mobility protein band appeared.
After the treatment with P-III, solubilized and insolubilized fractions of inclusions were tested for toxicity to silkworm and mosquito larvae (Table III) . Although these two fractions were toxic to both insects, the toxicity to Purified inclusions were directly solubilized in 1% SDS and 1% mercaptoethanol at 100°C for 3min (A).
Inclusions were incubated in 0.1 m carbonate-NaOH buffer, pH 10.2, with diluted gut juice (protease activity:
0.17U/ml), P-I (0.03U/ml), P-II (0.04U/ml), and P-III (0.13U/ml), respectively. Materials undissolved by gut juice (B), P-I (C), P-II (D), and P-III (E) were washed by centrifugation with 0.1 m carbonate-NaOHbuffer, pH 10.2, and solubilized in 1% SDS and 1% mercaptoethanol at 100°C for 3 min. Dissolved fractions with gutjuice (F), P-I (G), P-II (H), and P-III (I) were incubated in 1% SDS and 1% mercaptoethanol at 100°C for 3min. Molecular weight of each position of gel is indicated at right. the silkworm was mainly associated with the solubilized fraction and the mosquitocidal activity was mostly associated with the insolubilized fraction. Protein concentration was measuredby the micro-biuret method. Samples were serially diluted with distilled water. Samples were serially diluted with 0. 1 m phosphate-NaOH buffer, pH 7.0, and oral toxicities were examined by direct inoculation of 5^1 of each sample into the gut lumen of fourth-instar silkworm larvae using a glass capillary.
Purified inclusions (1 mg) were suspended in 1 ml of0. 1 m carbonate-NaOH buffer, pH 10.2, supplemented with P-III (0.03 U/ml as the protease activity) at 27°C for 20 min. The mixture was added to an equal volume of0.2 m phosphate-NaOHbuffer, pH 7.0, and the toxicity of the whole sample was examined. After centrifugation of the P-III treated inclusions at 10,000 x g for 15min, the supernatant (soluble fraction) and the precipitate
(insoluble fraction) were tested for their toxicities.
The precipitate was washed once with 0.1m phosphate-NaOH buffer, pH 7.0, and suspended in 1 ml of distilled water.
Morphology of intact inclusions and those treated with P-III was examined under an electron microscope. As shown in Fig. 4 Benzamidine-agarose did not adsorb P-II, but benzamidine-CHagarose adsorbed P-II and the pigment contained in the gut juice. This pigment was not separable from the P-II fraction. In contrast, P-II could be purified by Arg-CH-agarose chromatography, because the adsorbed pigment was removable by washing with 1m NaCl. Whengut juice was put on the Kunitz soybean inhibitor-agarose column, a portion of P-III as well as P-II was adsorbed to the column. Since the total inclusion-dissolving activity ofP-III is far stronger than that ofP-I or P-II (Table I) , P-III is considered the main protease for the activation of 8 -endotoxin in the larval gut juice of the silkworm. It was verified that the protease preparation used in our previous study1} was a mixture ofP-III (85% of the total protease activity) and P-II (15%). The data shown in Table II suggest that P-III is a chymotrypsin-like protease, although its specificity on the px site13) seems to be rather broader than those of other chymotrypsin-like proteases.14) Suc-Ile-Thr-Pro-Phe-NA and Suc-Ile-Thr-Pro-Leu-NA were the most effective substrates for P-III with over5 0-fold higher affinity than tripeptides such as Suc-Thr-Pro-Phe-NA which lacks the hydrophobic residue and anionic group in p4 and p5, respectively.
In the p2 subsite, P-III prefers a Pro-like residue compared with other chymotrypsin-like enzymes.18) A Pro residue cannot be accomodated at p3 because Suc-Ile-Pro-Leu-Phe-NA was not hydrolyzed by this protease. These interactions between P-III and the subsites explain the unreactivity of TPCK, Bz-Tyr-NA, and GltPhe-NA toward P-III10); there is no p3-p5 interaction.
As shown in Figs. 3 and 4 , a 130,000-dalton subunit comes from the bipyramidal inclusion.
This subunit protein consists of two region: a toxic moiety which is relatively resistant to gut juice proteases of the silkworm, and a nontoxic moiety which has a tendency to be degraded to smaller peptides by the proteases. The lowermobility protein bands in the solubilized fractions ( Fig. 3) are partially digested products of the proteases, because such protein bands disappeared after a prolonged reaction time.
It is well known that HD-1inclusions have toxicities to both mosquito and lepidopteran larvae.17) Yamamoto and McLaughlin7) separated 65,000-dalton and 135,000-dalton proteins from solubilized inclusions of HD-1 strain. They designated the 65,000-dalton protein the mosquito factor because of its toxicity to the mosquito, A. taeniorhyncus. Several strains of B. thuringiensis also produce the mosquito factor, and such strains produce both cuboidal and bipyramidal inclusions.8 '19) In another of our studies, 20) we found that the inclusion preparation of HD-1lost its toxicity to the mosquito, A. aegypti, upon treatment with 2% H2O2, but the toxicity to the silkworm was fully retained. Wealso found that both the 65,000-dalton protein and the cuboidal inclusions disappeared after the H2O2treatment.
These results indicate that the mosquitocidal activity of HD-1 is solely associated with the cuboidal inclusion, which is composed of 65,000-dalton protein, and the bipyramidal inclusion is preferentially toxic to lepidopteran insects.
Since the insolubilized fraction of inclusions with P-III-treatment was toxic to silkworms (Table III) , the cuboidal inclusions are thought to be dissolved and converted to an active toxin in the larval gut lumen of the silkworm.
However, the activation process of the cuboidal toxin in insect gut lumen cannot be elucidated in detail at present.
